Backgrounds: There are many satellite systems acquiring environmental data on the world. Acquired global remote sensing datasets require ground reference data in order to calibrate them and assess their quality. Regarding calibration and validation of these datasets with broad geographical extents, it is essential to register zones which might be considered as Homogeneous Patches (HPs). Such patches enable an optimal calibration of satellite data/sensors, and what is more important is an analysis of components which significantly influence electro-magnetic signals registered by satellite sensors. Methods: We proposed two structurally different methods to identify HPs: predefined thresholding-based one (static one), and statistical thresholding-based technique (dynamic one). In the first method, 3 different thresholds were used: 5%, 10%, and 20%. Next, it was aimed to assess how delineated HPs were spatially matched to satellite data with coarse spatial resolution. Selected cell sizes were 25, 50, 100, 250, and 500 m. The number of particular grid cells which almost entirely fell into registered HPs was counted (leaving 2% cell area tolerance level). This procedure was executed separately for each variant and selected structural variables, as well as for their intersection parts. Results: The results of this investigation revealed that ALS data might have the potential in the identification of HPs of forest stands. We showed that different ALS based variables and thresholds of HPs definition influenced areas which can be treated as similar and homogeneous. We proved that integration of more than one structural variable limits size of the HPs, in contrast, visual interpretation revealed that inside such patches vegetation structure is more constant. Conclusions: We concluded that ALS data can be used as a potential source of data to "enlarge" small ground sample plots and to be used for evaluation and calibration of remotely sensed datasets provided by global systems with coarse spatial resolutions.
Background
There are many satellite systems acquiring environmental data on the world (Townshend and Justice 2002) , such as Landsat (Cohen and Goward 2004) , ALOS PALSARAdvanced Land Observing Satellite Phased Array type L-band Synthetic Aperture Radar (Borner et al. 2007) or MODIS -Moderate Resolution Imaging Spectroradiometer (Justice et al. 2002) . Various organizations and global scale programs, for instance, GMESGlobal Monitoring for Environmental and Security, make the above mentioned data available to the society (Donlon et al. 2012) . Depending on their spatial extents, such programs might be related to the specific country, continent, or entire Earth. Acquired global remote sensing datasets require ground reference data in order to calibrate them and assess their quality. Regarding calibration and validation of these datasets with broad geographical extents, it is essential to register zones which might be considered as homogeneous patches (HPs). Such patches enable an optimal calibration of satellite data/sensors, and what is more important allow analysis of components which significantly influence electro-magnetic signals registered by satellite sensors.
In remotely sensed datasets with wide geographical extents and coarse spatial resolutions, it seems difficult to conduct decent ground reference measurements, especially in forest sites. It should be considered that spatial resolution of these datasets may vary from few meters even up to several kilometers (Townshend and Justice 2002) . Although total surveying enables a precise characterization of given area (e.g., a forest district), most of the time it is difficult to conduct such project over a vast areas due to its time consuming and labor intensive nature, which obviously entail tremendous time and financial contributions (Freese 1962) .
Classical spectral data have series of limitations to be used as reference datasets, whereas Airborne Laser Scanners (ALS) have broader possibilities. The superiority of airborne laser scanning data is particularly visible in its possibilities for determination of 3D characteristics of woodlands and forests (Ferraz et al. 2012; McRoberts et al. 2012; Korpela et al. 2012; Amiri et al. 2016; Alexander et al. 2017; Kandare et al. 2017) . For many years, ALS data were invaluable and very precise source of information about forest sites. Recently many investigations have been done related with determination of various stand characteristics such as growing stock volume, biomass, or time change analysis of the forest environment, based on ALS data (Holmgren 2004; Andersen et al. 2006; Martinuzzi et al. 2009; McRoberts et al. 2012; Wulder et al. 2012; Chirici et al. 2016; Bottalicoa et al. 2017) .
Since large ground sample measurements in forests are almost impossible, it seems reasonable to use another source of data to "extend" small ground sample plots to establish HPs that can be implemented as reference or evaluation data. Many of above mentioned ALS related studies have explored the significant relationship between selected forest characteristics and statistical variables determined based on airborne laser point clouds. Therefore, we can conclude that ALS can be used as a potential source of data to "enlarge" small ground sample plots that can be used for evaluation and calibration of remotely sensed datasets provided by global systems with coarse spatial resolutions.
Delineation of homogeneous patches is possible when one or more characteristics of trees or stands (e.g., tree height, canopy cover, density) are considered in a forest ecosystem. However, stand Structural Variables (SVs) are relatively homogeneous across managed forests which may lead to better identification of HPs in such forests. As shown by recent studies, ALS data can describe three dimensional structure of forest stands to estimate SVs in order to identify HPs (Sverdrup-Thygeson et al. 2016; Alexander et al. 2017) . If a starting point is set within the center of a sample plot with a predefined size and specific variables extracted from ALS data are assigned to the point, it is possible to find the adjacent parts of a forest stand that are not different, to some extent, from the starting point at different spatial scales. Thus, the closely connected parts to the starting point in terms of statistical similarities of tree variables may be considered as HPs. Following these steps, one can use ALS data to artificially "extend" ground sample plots to identify clusters of similar areas following the previously presented idea of forest stratification (Parker and Evans 2004; McRoberts et al. 2012) . Moreover, Naesset (2005) showed that integration of ALS data and measurements on ground enables a proper calibration of that first set, so the application of a combination of both datasets guarantees higher accuracies.
Nowadays, there are many regions in the world over which surveying measurements have been performed (very often with the use of ground sample plots with a radius varying from few, up to over a dozen meters) along with the simultaneous acquisition of ALS data (Ruiz et al. 2014) . Such wide data scattered around the world and similar future data might be an ideal reference material for either: present or future space missions, as well as for evaluation of different products obtained by post processing of satellite data. Apart from existing project related datasets, many countries worldwide have already made their national ALS data acquisitions and National Forest Inventories (NFI) data freely available. Integration of both can result in additional outcomes and benefits.
The main aim of this study is to extend ground sample plots to HPs using selected statistical parameters of classified ALS point clouds, to assess the spatial matching of delineated HPs and low resolution satellite datasets. We hypothesized that aggregation of those forest sections (raster cells), whose SVs describing either trees height and/or canopy density, do not differ significantly (in a statistical meaning) from the SV of given sample plot that might lead to the delineation of HPs. The objectives of this study were twofold: i) to expand the spatial extent of ground sample plots to HPs, and ii) to assess the spatial matching of the identified HPs with remotely sensed datasets of coarse resolution. For this, we proposed two structurally different methods to identify HPs, i.e., predefined thresholding-based one (static one), and statistical thresholding-based technique (dynamic one).
Methods

Study area
This study was conducted in Milicz forest district with an area of 27,000 ha situated in the province of Lower Silesia in south west Poland (Fig. 1) . Mean elevation of the region is 125 m above sea level. This intensively managed forest complex administratively belongs to Regional Forest Directorate of State Forest in Wroclaw (pl. RDLP Wrocław). The forest district is home to pure and mixed coniferous and broadleaved stands, both with a fresh variant of the soil moisture. Despite the fact of the relatively high rate of species diversity, Scots pine (Pinus sylvestris L.) is the dominant tree species overgrowing the study area. Stands of Scots pine approximately comprise 75% of the forest district, although mixed stands of pinebeech (Fagus sylvatica L.) and pine-oak (Quercus sp. L.) are observed with the proportion of 6% and 11%, respectively. Distribution of age classes is more or less even. The most frequent age class is 40-60 years (about 30%). Average volume of beech, pine, and oak as the main species of the study area are 300, 300 and 275 m 3 •ha −1 , respectively.
Ground reference data
There are 900 circular ground sample plots with 12.62 m radius (500 m 2 ), systematically distributed over the study area in a regular grid pattern (350 m × 350 m). Field measurements have been conducted in summer 2015. Coordinates of the centers of sample plots were calculated using GPS and GLONASS measurements. Raw GNNS observations were acquiring for 25 minutes. After that, a postprocessing procedure encoded in the Magnet Tools software was run using data from three nearest reference stations. As a result 0.05 m accuracy of sample plot location has been achieved. Among many characteristics collected during the inventory, the spatial positions of the center of each plot were used in this study. 
ALS data
ALS data were collected in August 2015 using Riegl LiteMapper LMSQ680i laser scanning system with 360 kHz pulse rate frequency that resulted in point clouds with a density of 10 pulses•m −2 . Mean flight altitude was 550 m from the reference ground point, and the field of view of the scanner system was 60 degrees. Along with the point clouds, a digital terrain model with a spatial resolution of 0.5 m was also delivered by the data provider and used, inter alia to normalize all returns from the raw point clouds.
ALS data processing
ALS point clouds were extracted at spatial positions of ground sample plots in order to calculate different x height of the return; x 0 lower bound of given percentile; h 0 range of the class interval of given percentile; n 0 frequency of the interval of given percentile; N total number of all ALS returns; F −1 cumulative frequency of the interval preceding given percentile; n 1x number of first ALS returns above the values determined by median of all returns; N 1 number of first ALS returns Fig. 2 Schematic representation of the method applied in this study ALS metrics characterizing spatial structure of stands within the plots. Among the wide range of metrics derived from ALS data (see Wulder et al. 2012) , two SVs were used that describe mean height and density of stands. These two variables may explore stand structure from different points of view. Table 1 contains information about the two SVs applied in this study. Two selected variables represent two main groups of ALS variables describing spatial structure of the stands: height -p95 and density -pFRAMe. However, presented method can use other variables. Utilization of specific variables should be carried out regarding particular goals or requirements of the specified research.
Identification of homogenous patches (HP)
The HPs are defined as continuous patches of similar forest structure and composition. As shown in Fig. 2 , in this study, identification of such areas from ALS point clouds was performed by four main variants. In the first variant (variant I -dynamic), the delineation threshold was separately determined for each structural variable in each sample plot. The threshold was defined as a percentage value that was significantly different from the observed value in each sample plot (α = 0.05). Specific amounts were added to the observed values of each structural variable of each sample plot in 1% lags and this process was continued to reach the modified values that were significantly different from the observed ones (p-value <0.05). Wilcoxon test was used to check if there was a significant difference between observed and modified SVs, due to non-normal distribution of some SVs. The second group (variants II-IV) had fixed thresholds, i.e., ±5%, ±10% and ±20%. These thresholds define a range for each SV presented in Table 1 in each sample plot. For example, a range was determined for p95 of sample plot No. 1, by adding and subtracting 5% of the original p95 value of that plot. In the next step, a grid fishnet was created with cell size equal to the area of a single sample plot (500 m 2 ) and overlaid on the study area. For each cell of the grid, the same SVs (as those for sample plots presented in Table 1) were computed. Finally, starting from the focal sample plots, adjacent grids were spatially merged to each sample plot only if (i) their values were inside earlier computed delineation thresholds for the given variant (dynamic, 5%, 10%, 20%), and (ii) adjacent pixels that met the first assumption could create spatially constant polygons. We allowed that patches could overlap each other. After obtaining all layers representing HPs based on two SVs separately, spatial intersections of polygons representing HPs of both variables per each ground sample plot were also created (p95 × pFRAMe (Intersection)).
In order to investigate artificial "expansion" of small area sample plots, for validation of various low resolution satellite data, earlier outlined HPs were taken under further analysis. It was aimed to assess how delineated HPs were spatially matched to satellite data with coarse spatial resolution. For this purpose, additional grid fishnets with cell sizes corresponding to the spatial resolution were created. Selected cell sizes were 25, 50, 100, 250, and 500 m. The number of particular grid cells which almost entirely fell into registered HPs was counted (leaving 2% cell area tolerance level). This procedure was executed separately for each variant and SV, as well as for their intersection parts.
In this study, each sample plot was a seed point for aggregation of adjacent cells, if their structural variables were similar. Since we had 900 samples we used all of them. If less number of samples is available they can be used as well. Decreasing the number of sample plots may reduce only our possibility to map variability in the study area and limit number or range of homogenous patches. Nevertheless, even one sample plot can be used to identify grid cells similar to that sample plot, so at least one stratum could be delineated through the whole area. Moreover, this study does not raise issues concerning optimization of the proposed method, where we could include some additional variables and analyze them both separately and together. In this study, we introduced another proposition of the look on the forest structure from the ALS perspective, as an identification trial of HPs, which might be used for different purposes (inter alia: for calibration and/or assessment of coarser resolution remote sensing data). Table 2 , the area of HPs increased for wider thresholds. For instance, the smallest HP size related to the intersection of p95 and pFRAMe variables (Intersection). The median of HPs of all variants increased from 0.05 ha for a variant I to 28 ha for variant IV. In addition, the results showed that the trend was non-linear. The size of HPs in each analyzed variant was much larger when we considered only one variable. Moreover, not only average size of HPs increased with increasing the threshold, but also variation in size was higher for wider tolerance intervals, also in all analyzed variants. The medians of all variants were always closer to the first quartile, indicating that obtained distributions of the size of HPs were mainly right-skewed, so there were few really vast HPs and most of them were smaller than the average size.
Parts 1a and 1b in Fig. 3 present HPs respectively in deciduous and coniferous stands based on p95 SV in age class of 100-120 years (parts a on the left) and 60-80 years (parts b on the right). Parts 2a and 2b show the homogeneous patches of the stands according to a pFRAMe variable. Figure 3 also shows that young stands were more homogeneous in terms of SVs (especially coniferous stands) than old deciduous ones. Table 3 presents numbers of pixels which fell into registered HPs, depending on (i) variant of analysis (I-IV) and (ii) sizes of grid cells of different low resolution * not calculated variants due to large number of pixels already assigned in HPs in less restricted threshold ranges satellite products. For example, in variant II and the 50 m resolution grid, there were more than 5000 cells matched with HPs. The results also showed that the number of entire pixels inside HPs grew in tremendous ratio along with increasing the delineation threshold. The differences between particular variants and spatial resolutions were up to thousands of pixels. Because of that, some results regarding wide tolerance thresholds analyzed on grids with higher resolutions were not shown. The intersection in Table 3 showed that the number of pixels found in HPs for each variant was always significantly lower than for individual variables. This result additionally confirmed the more variables taken into account resulting in smaller area but greater its homogeneity. Figure 4 is the graphical depiction of analyses which results were reported in Table 3 . It shows the adjustment of the spatial resolutions of two satellite products (i.e., 50 and 100 m) and identified exemplary HPs. The results clearly showed that even if the size of HPs was large, the shape of the HPs would have significantly reduced number of pixels entirely found in a given HP, according to spatial resolution of particular data (Fig. 3) .
Red polygons in parts 1c and 2c (Fig. 5) show the advantages of applying routines where two (in our case) or more variables were intersected. Visual interpretation of the crown height model (background of all parts shown in Fig. 5) , explains that the intersection parts of two analyzed variables outlined one group of deciduous trees with similar age/heights, surrounded by coniferous stands (Fig. 5, part 1c ) unlike in case of single variables (Fig. 5, parts 1a or 1b) .
Discussion
The overall aim of this study was to identify HPs of tree height and density by classification of ALS point clouds to introduce these areas as reference data for evaluation of remotely sensed datasets with coarse spatial resolution. The results of this investigation revealed that ALS data might have the potential in the identification of homogeneous patches of forest stands in Milicz forest district. We showed that different ALS based variables and thresholds (variants I-IV) of HPs influence the areas Fig. 4 Example of the relationship between size and shape of homogeneous patches and data resolution interactions that can be treated as similar and homogeneous. We proved that integration of more than one variable limits size of the HPs, but in contrast, visual interpretation prove that inside such patches vegetation structure is more constant (Figs. 5 and 6 ).
In the proposed method, values of ALS SVs extracted for sample plots were considered as benchmark points. Obviously, a similar analysis could be carried out as well without ground sample plots. If so, stratification of the forest district would be the result of such analysis (Parker and Evans 2004; McRoberts et al. 2012) . Nevertheless, the final shape of similar analysis should be formed based on assumed study goals, as well as the resolution of analyzed datasets.
It is also important to bear in mind that 5% or 10% thresholds have different ranges for each plot characterized by different values of variables. Obviously, for higher values of variables, such range is greater. This fact has also its reflection on the stand structure. Namely, if we consider the height of the stands (in the study case expressed as 95th of the height of ALS point cloud), young stands usually have lower height variations and height ranges of particular trees within these stands. Accordingly, height related ALS variables extracted at locations of young stands have smaller values as well, thus the tolerance threshold for aggregation of adjacent and similarly young stands is narrower. A similar situation exists in case of older stands, where heights of particular trees differ to the greater extent than it was for young stands. Therefore there should be an adequate response of ALS variables, resulting in wider tolerance interval for those stands. Such dependency seems to be reasonable for outlining stands with similar variations of given parameter or their combinations. Another situation will be when we set a specified threshold e.g. 1 m, not relative one as in our study. Then similar criteria will be set for whole and thus relatively smaller variance for old stands may be observed. This obviously will change the size of HPs for different age classes. In our paper, we analyzed selected ALS point cloud metrics separately, but also we investigated their mutual integration. However, other types of data resulted from modelling of different trees/stands characteristics such as top height, volume or biomass could also be used in the similar analysis to the method proposed in this study. We need to take into account that in our analysis we used characteristics calculated for basic cell grids (fishnets) of similar area to the sample plots. Products, such as standing volume for such areas can give similar values for totally different stands, e.g., the volume of 60 year old one layer pine stand can be similar as for older stand with smaller density and a second layer of oak. From the volume point of view, they will be homogeneous -similar stands, but from the structure or height point of view, they will be significantly different.
According to the obtained results, beyond the identification of HPs, their shapes are very important (Fig. 3) . In case of managed forests -the ones where trees overgrow in relatively small areas with evenaged trees with usually 1 dominant tree species, in general, each HP will include only a certain part of such stands. If delineation range for determination of HPs is very narrow, then the HP will have a small size. Along with increasing delineation threshold (range), the area covered by HPs will expand. It is worth to notice that for unmanaged stands, homogeneous areas rarely form vast and continuous patches. In case of forest districts consisting of more natural stands, as a human has relatively less influence on such forest sites, thus there are definitely less artificial borders inside these types of stands. Shape of the HPs limit possibility to fit specified resolution global data inside. So even it HP area is large, shape can limit the possibility of using it for validation/calibration purpose.
Based on the visual interpretation of our results, species composition of stands has a significant influence on final shape and size of HPs. In our case, results presented in Fig. 3 prompts that allocation of the ground sample plots had an effect on shape and size of delineated HPs. In the context of the application of ALS data in forest inventory, Amiri et al. (2016) also highlighted that estimation of SVs of forest stands is negatively influenced by species composition. Typical central European managed coniferous stands consist of only one dominant species with the same age, therefore, one can say that such stands are very homogeneous just how they are. Delineation thresholds selected in this study resulted in good spatial adjustment (overlap) of homogeneous parts and actual borders of managed stands (according to forest management plans), especially for pine stands. In case of mixed and deciduous species, boundaries of HPs were more diverse including many holes and/or islands, i.e. those parts of the stands which had a completely different structure from the stands described on the corresponding sample plot. As a result, spatial adjustment between HPs and global satellite data were much more complicated. Similar to the results of this study, Bottalicoa et al. (2017) also found that estimation of SVs using ALS data is less accurate in mixed stands with high diversity in species composition while it is reliable in conifer plantations with homogeneous structure.
Identified homogeneous forest patches may find the use in analysis of different types of global data. They can serve twofold: for calibration of different global satellite missions, and for their validation. These results were in accordance with the findings of Alexander et al. (2017) . They also concluded that ALS data are reliable remote sensing materials for finding homogeneous areas even in natural forests with rich diversity. Moreover, because of the fact that homogeneous definition and parameters might be modified in different ways, the proposed concept could be used in the more detailed analysis, for instance regarding influence of stand structure on registered spectral values.
The proposed concept of integration of ground and ALS data could be used in the development of so called "reference super sites". An initiative of development of such types of areas in different parts of the globe yet has started. There are already datasets consisting large ground samples (1 ha and more) (Schepaschenko et al. 2017) . Unfortunately, costs of acquisition of such reference data are tremendous. Therefore, the cost-efficient concept, if ALS data are available, presented in this article might serve as quasi substitution of ground surveying of vast areas. Thanks to the integration of ALS data stratification, and detailed ground data collected for small areas, it is possible to obtain similar results to those for other planned flight missions.
Conclusions
We demonstrated possible integration of ground sample plots and ALS data to delineate homogeneous patches. Additionally, we investigated the identified areas based (See figure on previous page.) Fig. 6 Presents 3D spatial structure of ALS point clouds extracted at specific locations within the exemplary stand (60-80 year old mixed stand in Fig. 5 ). Part a (on top) shows mentioned structure, extracted at location of the sample plot (blue circle in Fig. 5 ). Part b represents relevant point cloud structure, extracted at location of one grid found within boundaries of HPs delineated based on p95 SV in variant III. This spot is an example of a good agreement between point cloud structure shown on the sample plot (part a) and adequate structure shown in selected spot within such HP. Part c is an example of a disagreement according to above. Part d shows selected spot (grid) of HPs being an intersection of both SVs analyzed in this study. Next to each 3D image, a relevant histogram is provided to present vertical distribution of the point cloud on main spatial resolutions of global satellite datasets. Our research is a case study of investigation area being a single forest district (circa 27,000 ha) -the managed one. We did not applied proposed methodology for neither similar nor more diverse forest districts, nor for bigger scales. However it is possible and will be carried out in the future. Based on the obtained results we can conclude that: i) size of HPs depend on set range of possible differences between analyzed ALS variables and varied regarding the species composition of analyzed stands.
ii) possibilities of spatial adjustment of particular global product grid size (fishnets) and HPs are negatively influenced by size and shape of the HPs.
iii) integration of several ALS variables, especially those related to height and density of forests, allows a decent determination of homogeneous stands.
Finally, based on our findings, we can conclude that ALS data can be used as a potential source of data to "enlarge" small ground sample plots that could be used for evaluation and calibration of remotely sensed datasets provided by global systems with coarse spatial resolutions. The idea for the study was invented under the DUE GLOBBIOMASS project (contract 4,000,113,100/14/l-NB).
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